To determine whether membrane free cholesterol affects calcium currents in vascular smooth muscle cells, whole-cell patch clamp recordings were proposed that an increase in membrane cholesterol content can alter the contractile properties of vascular smooth muscle, possibly by increasing the permeability of the cell membrane to calcium. This thesis is supported by the observation that the enrichment of membrane free cholesterol (i.e., unesterified free cholesterol) by exposure to either cholesterol-rich liposomes or low density lipoprotein (LDL) particles causes an increase in calcium uptake in erythrocytes, perfused arteries, and cultured vascular smooth muscle cells.4 8 Although the effect of free cholesterol enrichment on calcium influx is inhibited by calcium channel antagonists,4 8 thereby indirectly implicating a role for voltage-dependent calcium channels in this phenomenon, the underlying mechanism for the cholesterol-induced increase in calcium permeability has not been elucidated.9 Because the entry of extracellular calcium is a major contributor in the regulation of numerous vascular smooth muscle cell functions and may
be involved in the pathophysiology of atherosclerosis,10 the mechanism by which membrane free cholesterol modulates calcium influx in vascular smooth muscle cells is of considerable interest. Therefore, we tested the hypothesis that membrane free cholesterol content modulates voltage-dependent calcium channel currents in vascular smooth muscle cells.
Materials and Methods Arterial Smooth Muscle Cells
The arterial smooth muscle cells (ASMCs) used for these experiments are a clonal cell line derived by collagenase digestion of rat pulmonary artery smooth muscle (provided by Dr. T.J. Kulik, Harvard Medical School, Boston, Mass.). Cells from passages 28-40 were seeded in 35-mm plastic culture dishes (Falcon) at an initial density of 10,000-12,000 cells/cm2 and grown in medium M199 (Sigma) supplemented with 5% fetal calf serum (Gibco) in a humidified atmosphere under 5% COJ/95% room air. These cells express smooth musclespecific myosin and a-actin, as detected by immunofluorescent staining (T.J. Kulik, personal observations), and mRNA for the smooth muscle a-actin and a-tropomyosin isoforms. 11'2 Preconfluent cells were used for experiments 3-5 days after passage. To avoid cell-to-cell interactions, care was taken to select for study only cells that were visibly free of contact with neighboring cells. Twenty-four hours before the addition of liposomes, the medium was changed to M199 supplemented with 1% fetal calf serum to minimize the possible effect of growth factors on calcium currents.
Liposome Preparation and Lipid Analysis
ASMCs were superfused or incubated with medium containing liposomes consisting of free cholesterol/phos-A. I I ICON Results With barium as the charge carrier, two inward currents were elicited that could be distinguished by their conductance properties and pharmacological sensitivities. The characteristics of the two types of current in this cell correspond to those for L-type and T-type calcium channels and are similar to those found by whole-cell recordings in other vascular smooth muscle cells.20-22 Figure 1 shows the characteristics of the L-type calcium current in control and cholesterol-enriched ASMCs. This slowly inactivating inward current was elicited by 400-msec test pulses from a holding potential of -40 mV. The current was activated at -30 mV and was maximal at 0 to 10 mV. The time to peak was 25 +3 msec (n=18).
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The addition of cholesterol-rich liposomes to the culture medium resulted in a gradual increase in the L-type calcium current (Figure 1 ). This effect was apparent within 30 minutes (a 4.9±0.3% increase), continued to increase for 16-20 hours, and reached a stable plateau between 20 and 32 hours (Figure 2) . Unless otherwise noted, cholesterol enrichment was achieved by a 24-hour incubation with cholesterol-rich (2:1, free cholesterol/ phospholipid) liposomes. In ASMCs incubated with cholesterol-rich liposomes for 24 hours, the L-type calcium current density was increased by 73±7% (p<0.01, n=18), from 5.1±0.5 to 8.9±0.6 pA/pF ( Figure 1C) . Incubation of ASMCs with cholesterol-rich liposomes for 24 hours had no effect on cell capacitance (control, 46+2 pF; cholesterol-enriched, 47±3 pF; n=30 cells each).
The L-type calcium current in control cells was unchanged over this time period ( Figure 1A ). An increase in the calcium current may reflect an increase in the number of channels available for voltage activation or an increase in the open probability of single channels.
In Figure 1D the normalized L-type calcium current is plotted as a function of holding potential. Under control conditions peak current was maximal (270 pA) for holding potentials between -80 and -60 mV. In cholesterol-enriched cells the peak current was maximal (480 pA) for holding potentials between -80 and -40 mV. In cholesterol-enriched cells the voltage at which the current was inactivated to 50% of the maximal current was shifted from -21.7±0.6 to -12.7±0.6 mV (p<0.01, n=8) ( Figure 1D) , and the slope factor of the steady-state inactivation curve was lower (cholesterolenriched cells, 6 .1±0.6 mV; control cells, 9.0±0.8 mV; p<0.05, n=8). The functional consequence of a rightward shift in the inactivation potential is to favor an increased current at a given level of membrane depolarization.
The sensitivity of the L-type calcium current to modulation by dihydropyridines was evaluated. Appli- Figure 3A) . However, in ASMCs incubated with cholesterol-enriched liposomes for 24 hours, the same concentration of (-)-PN-202-791 inhibited the L-type current only partially, and a 10-,uM concentration was required to abolish the L-type current ( Figure 3A) . A similar phenomenon was observed when nifedipine was used as the antagonist (data not shown). This finding suggests that cholesterol enrichment reduces the sensitivity of L-type channels to dihydropyridine antagonists. This might reflect an alteration in the binding affinity of dihydropyridine. 23 Application of (+)-PN-202-791, an agonist for L-type calcium channels,24 in a concentration of 5 ,uM increased the L-type current to comparable peak values in cholesterol-enriched and control cells (control, 490+25 pA; cholesterol-enriched, 518±46 pA; p=NS, n=5) ( Figures  3B and 3C) . The L-type current was not further increased at higher concentrations of (+)-PN-202-791 (data not shown). The lack of an increase in the maximum agonist-stimulated L-type current in cholesterolenriched cells argues that the effect of cholesterol enrichment on the L-type current is not due to an increase in the number of channels available for activation.
The T-type calcium current was identified by subtracting the current elicited from a holding potential of -40 mV from that of -80 mV. Inward current recordings were made with successive 300-msec depolarizing test pulses in 10-mV steps at 3-second intervals. In control cells, a transient component of an inward current consistent with a T-type calcium current was activated at the -30-mV test potential when the cell was held at -80 mV before depolarization (Figure 4 ). This current activated rapidly to peak potential and then fully decayed within approximately 40 msec. This low-threshold, rapidly inactivating current was completely blocked by 40 ,M Ni2' ( Figure 4B The addition of cholesterol-rich liposomes to the medium caused a rapid increase in the T-type calcium current, which reached a peak value at approximately 20 minutes and returned to baseline within 30 minutes (Figures 2A and 4) . The T-type calcium current density increased from 1.82±0.07 pA/pF to 2.13±0.08 pA/pF B.
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- (p<0.01, n= 12) 20 minutes after exposure to cholesterol-rich liposomes. The peak of the current-voltage relation was shifted from -10 to -20 mV after perfusion with cholesterol-rich liposomes ( Figure 4C ), but the reversal potential was not affected. The inactivation potential was shifted leftward approximately 4 mV by liposome exposure (p<0.05, n=4) ( Figure 4D ). Cholesterol-rich liposomes had no effect on the kinetics of activation (data not shown). ment25,26). Instead, the shift in the inactivation potential and the decrease in sensitivity to dihydropyridine antagonists suggest that cholesterol enrichment may be associated with a change in the functional properties of the L-type calcium channel. Altered L-type channel function might reflect a change in membranous physical properties such as fluidity and thickness.2728 In this regard there is evidence that the open probability of calcium-dependent potassium channels is modulated by cholesterol-induced changes in membrane fluidity. 29 The mechanism responsible for the increase in the T-type current is less clear because a pharmacological agonist with which to assess the maximum T-type current is not available. This effect may be due to a surface interaction between cholesterol-rich liposomes and the T-type channel or alternatively a rapid exchange of cholesterol with the plasma membrane. 30 These observations support the concept that membrane cholesterol content is a determinant of the L-type calcium current in ASMCs, thereby providing a mechanistic explanation for previously observed effects of cholesterol and LDL particles on vascular tissue. 35, 6 This thesis is further supported by the observation that a decrease in the free cholesterol content of myocardial cells is associated with a decrease in the L-type calcium current.31 It is also possible that membrane cholesterol influences transmembrane Ca2' flux by affecting other pathways, such as Na+-Ca2' exchange. 32 We can only speculate whether these in vitro observations are relevant to the alterations in vascular smooth muscle cell physiology that are associated with hypercholesterolemia. However, the increase in cellular free cholesterol content achieved in our experiments is of a similar magnitude to the increase in cellular free cholesterol observed in apparent smooth muscle cells isolated from the aorta of cholesterol-fed rabbits.33 Therefore, it is noteworthy that both potassium-stimulated contraction34,35 and basal calcium influx, as inferred by analysis of efflux kinetics,36 are increased in the aortas of cholesterol-fed rabbits. These experiments identify a specific molecular mechanism by which hypercholesterolemia may affect vascular smooth muscle cell calcium influx and consequently a variety of important cellular responses that include contraction and growth.
